Abstract This paper describes the assessment of the crop coefficient of an irrigated Tempranillo vineyard measured in a weighing lysimeter during 5 years in south-western Spain. During the first year of the study (2006), young vines displayed a different canopy growth compared to the subsequent years. From 2007 to 2010, vines experienced 2 years with no restriction in water supply, and two other years with short periods of crop water stress. Basal crop coefficient (K cb ) started from 0.2 at bud-break until 1.0 at full development in every year, being this maximum management-dependent. K cb showed a good correlation with canopy size indices, which allows to interpolate these results to a wide range of commercial vine systems that are usually managed with lower vegetation size. Moreover, a simple linear model of crop evapotranspiration reduction with relative water content is presented, allowing the estimation of consumptive water use under deficit irrigation conditions.
Introduction
Grapevine is a crop of worldwide importance, with a global cultivated area in 2009 of 7,660 Mha, 4,435 of them located in the European Union (EU). The main producer within the EU is France, while Spain ranks first in crop surface area (1,100,000 ha) and third in production (5,573,400 t) (FAO 2010) . The region of Extremadura, in south-western Spain, is one of the largest grapevinegrowing areas in the country with a surface area of 87,000 ha (MARM 2010) . Vineyards in Spain have been traditionally dry-farmed because irrigation was forbidden by law until 1996. Since then, irrigation has increased progressively, but farmers do not have adequate information to correctly calculate irrigation requirements based on their cultivation and production target.
Evapotranspiration (ET c ) in vineyards varies considerably according to local climate, grapevine type, irrigation scheduling, and management method, for example, trellis system and canopy size (Allen et al. 1998; Williams and Ayars 2005b) . Moreover, farmers' strategies may be different as far as production is concerned; some producers would prefer high yield, while others seek for a high-quality product by introducing significant water stress levels by deficit irrigation at the cost of reducing yield. Water supply would increase wine productivity, but it may also reduces wine quality. High tannin and anthocyanin content (a desired trait in berries for red wine production) is related to moderate vine water deficit ). Other studies link wine quality with berry size (Williams and Matthews 1990) . However, the correct assessment of crop water needs is a basic requirement to manage irrigation in order to increase yield and/or wine quality, especially in semi arid conditions. The ''Tempranillo'' cultivar occupies a large acreage in Spain and in South America, being one of the most popular varieties for quality wine production; rainfed vines are trained as open vase system, but with the introduction of irrigation, they are usually trained on trellis systems and drip irrigated.
Crop evapotranspiration under standard conditions (ET c ) is defined as the evapotranspiration from diseasefree, well-fertilised crops, grown in large fields, under optimum soil water conditions and achieving full production under the given climate (Allen et al. 1998; Doorenbos and Pruitt 1977) . The ET c is thus an ''upper limit'' of water use of a given crop under the best growing conditions and development of vegetation, without taking into account restrictions that may be adopted to increase the quality of the product: an example of this in wine vineyards is some degree of deficit irrigation. The optimum vegetation or water status may not be desirable for all crops, but still, the knowledge of ET c is the reference. Once the maximum ET c is determined as the function of canopy size, it is possible to establish deficit irrigation schedules with fractional amounts of the unstressed water use, depending on the commercial objectives (for example, quality production of berries for a particular wine).
The most common approach to estimate crop ET c is the crop coefficient (Allen et al. 1998; Doorenbos and Pruitt 1977) . The crop coefficient (K c ), defined as the ratio between the ET c of the crop and the evapotranspiration of a reference surface of well irrigated grass (ET o ), is dependent upon the stage of crop growth, canopy height, cover and architecture (Allen et al. 1998) . Although in annual crops, averaged values that are found in the literature could be used to estimate mean ET c values, the dependency of K c on ground cover, training and management hinders its general use in fruit trees and vines, where these factors are widely variable. It has been demonstrated that the K c is highly correlated with leaf area (Williams et al. 2003b) , leaf area index (LAI) (Castel 1997; Girona et al. 2011; Heilman et al. 1982; Netzer et al. 2009; Williams and Ayars 2005b) , canopy cover (Testi et al. 2004; Villalobos et al. 2009 ) and the fraction of light intercepted by the canopy (Ayars et al. 2003; Consoli et al. 2006) . The development of a simple method to estimate the seasonal K c for different crops including woody, perennial horticultural crops would be of great benefit to the agricultural industry (Williams and Ayars 2005b) .
Crop coefficient values for grapevine may vary with cultural practices and modes of trellising (Williams and Ayars 2005b) . K c changes over the course of the growing season, related with the increase of LAI, the solar radiation intercepted by the crop and the different crop phenological stages (Grimes and Williams 1990; Netzer et al. 2009; Peacock et al. 1987 ).
The transpiration of vineyards has been measured by heat pulse (Intrigliolo et al. 2009 ) or heat balance (Braun and Schmid 1999; Trambouze and Voltz 2001) . Measurements of evapotranspiration were obtained with the techniques of Bowen ratio (de Teixeira et al. 2007; Rana and Katerji 2008; Trambouze et al. 1998; Zhang et al. 2010) and eddy correlation (Ortega-Farias et al. 2007; PobleteEcheverria and Ortega-Farias 2009; Spano et al. 2000) . However, lysimeters are the more straightforward measurement of ET c (Prueger et al. 1997) . Although there are some studies using drainage lysimeter (Evans et al. 1993; Netzer et al. 2009; Rollin et al. 1981) , greater accuracy and time resolution can be obtained with weighing lysimeters, which measure ET c directly by monitoring the weight of a soil monolith that includes the crop under study (Hatfield 1990) . With the appropriate instrumentation, weighing lysimeters can accurately determine ET c on an hourly or shorter time basis (Williams et al. 2003a, b; Williams and Ayars 2005a, b) although at the price of some efforts required to ensure the representativeness of the enclosed plants (Allen et al. 1991) , and of being expensive and unmovable devices.
The information available on the water use of wine vineyards with the precision granted by weighing lysimeters is still scarce. Apart from the lysimeter used in this work, there are very few references of weighing lysimeters installed in vineyards in the world. One of them is located in the San Joaquin Valley (California) with vines of the raisin variety ''Thompson Seedless'', where many studies related to water consumption have been performed (Williams et al. 2003a (Williams et al. , b, 2010a Williams and Ayars 2005a, b; Williams and Trout 2005; Williams and Baeza 2007) . Another one is located in Albacete, Spain (Montoro et al. 2008) , with vines of the same ''Tempranillo'' cultivar used in this study. The training and canopy conditions of the Tempranillo vineyard in the present work are quite different from those described by Montoro et al. (2008) in Albacete, and these authors did not report any relationship of K c with canopy size, making difficult to transfer their conclusions to the different vineyard typologies that can be found in other wine producing areas. In fact, vineyards management (training, pruning, density and cultivars used) is so different among wine producing regions that extrapolations from water use measurements taken from other sites and contexts are often questionable. A better insight of the vineyard water consumption under the specific climatic conditions of Extremadura and the peculiarities of local vineyard management is therefore very important for a good use of the scarce water resources available in this region.
Correlation of crop coefficients with indexes such as accumulated degree-growing days or heat units has been used by some authors (Sammis et al. 1985; Wright 1985) to reduce the effects of year-to-year climatic variations on crop development and water consumption. It has been shown that the development of leaf area on Thompson Seedless grapevines under non-limiting soil moisture conditions and the K c was highly correlated with degree-days (base temperature 10°C) (Williams and Ayars 2005a, b; Williams et al. 2003b) .
A long-term study (5 years) was conducted to determine the crop coefficients for wine grapevines under the agronomic conditions of south-western Spain using a weighing lysimeter and to assess the relationship between K c and canopy size (which range was extended on purpose) and linking it to thermal time. The occurrence of water stress during two of the years enabled the estimation of water use decrease as a function of water shortage. This relationship is a useful tool to schedule irrigation in wine production vineyards that are normally deficit-irrigated to enhance wine quality. . The climate of the area is Mediterranean with mild Atlantic influence, dry and hot summers and cold winters with irregular precipitations. The soil is typical from the Guadiana River Valley, with a uniform, poorly differentiated profile. According to Soil Taxonomy (Soil Survey Staff 2006) , this soil is in the order Entisol, suborder Orthent and in the great group Xerorthent. In general, these soils are slightly leached, with scarce calcium and with low sandadherence value. The upper soil has some humus content, while the lower soil is poor in it and has also a low nitrogen content.
Materials and methods

Site and vineyard description
The row and vine spacing in the vineyard was 2.5 and 1.2 m, respectively. The vines were drip irrigated with one 4 L h The vines were trained in vertical trellis that consisted of 1.7-m-long galvanised steel posts with two wires. The main wire that holds the arms of the plant was placed 0.5 m above the soil surface, and the shoots were kept on a vertical plane by a movable wire, which was raised in height with the development of the canopy, reaching 1.5 m height at full development. The rows were E-W oriented. Vines were trained to a bi-lateral cordon, pruned to eight spurs and two buds per spur during 2006, 2007 and 2008 , and six spurs and two buds per spur to during 2009 and 2010. Spring pruning and row topping operations (Table 1) were performed following the habitual practice in the area.
Weighing lysimeter A weighing lysimeter of 2.67 9 2.25 m and 1.5 m deep was installed in 1995 as described in Yrisarry and Naveso (2000) . The soil was excavated from the lysimeter site in layers and stockpiled for refilling the tank respecting the layers order. The lysimeter tank was hand filled in 0.15 m layers and compacted to approximately the original bulk density of each layer. The tank is placed on a balance system with a counterweight system to offset the dead weight. The weighing system is connected to a load cell (Transductec SA, model TPF-1/10) with a nominal load of 10 kg, and a nominal sensitivity of 2 mV V -1 . The overall resolution of the system is 200 g or 0.033 mm of water. The sample time is 0.05 s, and an average value is registered in a data logger (CR5000, Campbell Scientific, Inc.) every 5 min. The lysimeter has also a controlled vacuum system (Aboukhaled et al. 1982) , which aims to simulate the original conditions of the field and prevents the accumulation of water at the bottom layer of the lysimeter.
Two vines were planted in the container, getting an available surface of 3.0 m 2 per plant, as in the rest of the plot. The canopy development of the two grapevines within the lysimeter was similar to that of the vines in the surrounding vineyard.
The water consumption of grapevines (ET c ) was calculated from the weight differences recorded in the lysimeter between two consecutive measurements. The ET c measured by the lysimeter was adjusted to an area equivalent of an individual vine.
Calculation of the water budget of the soil in the lysimeter Since no direct measurement of soil water content in the lysimeter was performed and it was counterweighted, the actual total weight in the lysimeter is unknown a priori. Nevertheless, the massive precipitations of the autumn 2006 suggest that the lysimeter soil was in a state of upper limit (field capacity) at the end of the year; it is then possible to calculate the water budget of the soil in the lysimeter from this time on. Based on data of physical properties of soil (Table 2 ) and using the program SPAW Hydrology v6.02.75, the volumetric water content of the soil at the upper (field capacity) and lower (wilting point) limits has been estimated as 29.5 and 16.2 %, respectively.
Irrigation and water status
Reference crop evapotranspiration (ET o ) was obtained from a weather station located 100 m from the vineyard using FAO-56 Penman-Monteith Method (Allen et al. 1998) (Table 3) Table 3 ; the annual amounts of rainfall and irrigation are shown in Table 4 , with the dates of start and end of the irrigation season.
Midday stem water potential (w stem ) was measured for all the duration of the experiment. Two leaves were taken from the north and shaded part of the vine and enclosed in an aluminium foil at least 1 h before measurement in a pressure chamber (Scholander et al. 1965) ; if the values of potential were very different from each other ([0.4 Mpa), a third leaf was taken, discarding the discordant value. The value of w stem was adopted to set the date of irrigation start according to previous works that recommended the stem water potential as the most reliable indicator of the water status of the irrigated vineyard (Choné et al. 2001; Naor 2000) . The threshold of w stem for irrigation start was taken -1.0 MPa in 2006 and 2007 following previous works (Cifre et al. 2005; Ferreyra et al. 2003; Williams and Araujo 2002) ; from the year 2008 on, it was changed to a more conservative value of -0.6 MPa according to Williams and Baeza (2007) and Williams and Trout (2005) . Irrigation was carried out during the night, when ET c is very low or absent, so that the weight increment could be eliminated without affecting the calculation of daily totals of ET c . The amount of irrigation applied every night was set to match the ET c of the previous day.
Canopy growth and development
Phenology monitoring was performed according to phenological stages described by Baggiolini (1952) and Eichhorn and Lorenz (1977) . Starting from mid-March, (coinciding with the phenological stage of ''cotton buds'') a visual inspection of 10 plants was performed weekly to determine the most representative growth stage at that time (the stage showed by at least 50 % of plants) as well as the most backward and the most advanced stages in the sample. The phenological development of the vineyard is summarised in Table 5 .
Degree-days (DD) were calculated using the base temperature of 10°C as used previously for grapevine by several authors (Netzer et al. 2009; Williams et al. 2003b ) ( Table 5 ). Temperature data used for calculating degreedays were obtained from the weather station mentioned above.
LAI of the lysimeter plants was periodically determined using a Plant Canopy Analyzer LAI-2000 (Li-Cor Inc., Lincoln, NE, USA). A reference measurement was taken above the canopy immediately followed by eight measurements at soil level in the centre of an eight-quadrant grid into which the planting frame was divided. The in subsequent years, measurements were taken every 0.1 m in order to achieve a better coverage of the planting frame. Two further measurements were made at an open site with no interference from the canopy. In the year 2006, these measurements were not performed; as the canopy management was the same all the years of experiment, fiPAR was estimated from LAI data using an empirically fitted relationship. During the years 2009 and 2010, the fraction of ground cover in the lysimeter was determined by digital images of the vines area obtained with a camera installed in nadirview position on a metal structure (4.0 m high). Eight and 7 photographs, respectively, were taken during 2009 and 2010, at various times throughout the growing season. A rectangular frame encompassing the whole canopy of vines in the lysimeter was used as a reference area. The images, taken on cloudless days, were then analysed with an image processor to differentiate between vegetation and soil by means of colour reclassification and thresholding.
Results
The maximum LAI achieved in 2006 was around 2.5 m 2 m -2 , a lower value compared to the following years, showing that vines were still incompletely developed during the first year of this study (Fig. 1) . For all the other years, the evolution of LAI and fiPAR displayed a similar pattern throughout the season. For all the years of study, the values of LAI and fiPAR increased sharply during the first part of the growing period. From bud-break until the stage of veraison, reached around the day of the year (DOY) 200 (Tables 1, 4), the cover of the vineyard was controlled by pruning operations, and both LAI and PAR intercepted values increased lightly, or even decreased (except for the year 2010). The pruning operations were managed in order to obtain a maximum LAI at veraison of around 4, which, in this system, is associated with a fiPAR between 50 and 60 % (Fig. 1) . The highest value of LAI (4.3 m 2 m -2 ) was reached on 29 July 2010, while the highest value of PAR intercepted (71 %) occurred on 14 September 2010, indicating that the vines were allowed to vegetate in excess that year compared to the previous experimental years and the usual practices for the area.
The monthly totals of ET o obtained from the weather station adjacent to the experimental orchard (Table 3) indicate that every year was within the typical values for the region. Daily ET o usually reached a peak of about 7.5-8.0 mm day -1 around mid-July. Although rainfall is typically irregularly distributed, mean values were also within the typical ranges of the region (Table 3) . Nevertheless, it can be highlighted the rainy winter and early spring in 2008 and 2010, enabling the refilling of the soil profile.
Daily ET c values increased with time from bud-break until full canopy development (Fig. 2, left The stem water potential recorded during all the experimental years (Fig. 2, left side) In all the experimental years, the daily K c ranged between almost nil and values close to 2 (Fig. 2, right side) ; the minimum values occurred always at bud-break and leaf fall-that is, when minimum leaf area was present-and during days when the soil surface was dry, that is, when no precipitation was registered in the previous days. Conversely, the largest K c values only occurred when leaf area was present-although not necessarily at peak LAI-and always after precipitations events that left the soil surface completely wet (Fig. 2) ; these high values of K c are always transitory. When the soil was dry, the K c increased more or less steadily from bud-break until the full development of the canopy (for specific dates, see Table 5 ), but this rule is broken in the years 2007 and 2009, when it decreased noticeably (down to 0.20 and 0.53, respectively) in late spring, and then recovered during summer. These periods suggest the occurrence of water stress and will be discussed later. A similar although much less intense behaviour can be appreciated for a shorter period also in the year 2008. A plateau in the K c value of around unity is reached all the years, with the exception of 2007, when the maximum K c was around 0.75 and was reached only in late summer. In the year 2006, the K c showed a slow but always increasing pattern which culminated with a maximum peak (also close to unity) in the late summer. The K c then decreased during fall from the DOY 260-270, with a steady pattern when the soil was dry but with intermittent very high values (up to 1.75) in coincidence with the autumn rainfall events. In the years 2008 and 2010, the K c under dry-soil conditions was stable and slightly higher than 1 up to the DOY 260-270. The values of ET c and K c of some days with heavy and prolonged rainfall were discarded from Fig. 2 due to the uncertainty in the lysimeter measurements in such conditions.
The relation between the vineyard K c (under dry soil conditions) and the canopy size of the vines is presented in Fig. 3 , by means of three common canopy indicators: LAI, fiPAR and ground cover fraction (Fig. 3a-c, respectively) . dry, that is, the bare and dry-soil evaporation coefficient. Ground cover seems the best predictor of the K c (R 2 = 0.88) followed by LAI (R 2 = 0.81) and then fiPAR (R 2 = 0.68), although the data samples are of different size. The relationship between basal crop coefficients and ground cover fraction agrees well with K c estimation procedure discussed by Allen and Pereira (2009) for crops growing in rows.
The vineyard mean yield was 19,500 kg ha -1 (average of all the experimental years); this yield is high compared to commercial vineyards due to both the high LAI achieved and the unrestricted irrigation.
Discussion
Effects of soil surface wetness on K c
The effect of the wetted soil over the actual K c of crops with incomplete ground cover (including vines) is clearly displayed in the right side of Fig. 2 . After rainfall events, the K c rises abruptly, to decrease later when the soil dries out. The K c of a bare wet soil in the energy-limiting stage is &1 (Allen et al. 1998; Doorenbos and Pruitt 1977; Ritchie 1972) ; nevertheless, when an incomplete cover of high aerodynamic roughness is present, its transpiration adds up to the soil evaporation in a way that is more than proportional to the ground cover, yielding transitory K c values close to 2 usually the day that follows a precipitation of some significance (see Fig. 2) ; a similar behaviour has been described by Testi et al. (2006) in olive groves. These peaks in K c are dependent on the crop cover in a very complex way, and they advocate the use of more advanced models to calculate the evaporation and the transpiration separately in trees and vines (Testi et al. 2006) . When such models are not available, K c should be at least determined on the conditions of dry soil surface (but no crop water stress), when the soil evaporation is greatly reducedalthough not completely absent. Allen et al. (1998) call this quantity ''basal K c '' or K cb that is equivalent to the dry-soil K c in this work.
During the first year of the study (2006, with vines not completely developed), the dry-soil K c of the vines reached the maximum value late in the season; only after DOY 200, once the canopy development was complete and vines showed a stable LAI, the dry-soil K c displayed values around 1. In all the other years of this study, the maximum value of K c also close to 1 was usually achieved earlier in the season, between DOY 150 and 170, corresponding with a mean value of LAI exceeding 3; a similar behaviour was reported by Williams et al. (2003b) , also with lysimetry. The maximum seasonal K c seems to be close to 1 with the exception of the year 2007. This maximum is in the range found in the literature in intensive irrigated vineyards for table or raisin production: Williams and Ayars (2005b) found a K c of 0.8 in ''Thompson Seedless'', whereas Johnson et al. (2005) reported K c values higher than 1.10 for this same variety; Netzer et al. (2009) The decrease in the K c that the vines showed in the early summer of some years-namely 2007 and 2009-cannot be attributed to pruning given the small amount of biomass removed (Table 1) : we ascribe it to conditions of reduced transpiration due to the occurrence of water stress. Water stress was not induced on purpose in this experiment and must have been caused by the strategy used to determine the start of the irrigation period. Irrigation was not started until w stem reached -1.0 MPa in 2006 and 2007; this threshold was then changed to -0.6 in the following year due to the behaviour of the vineyard K c during 2007. Nevertheless, the solution proved to be insufficient, as a spring drier than normal caused a similar decrease in 2009 (Table 3 ). The measured values of w stem of these 2 years (in particular 2007) do not justify such an extreme reduction of transpiration: in 2007, the K c dropped from 1.05 (on 17 June, DOY 168) to only 0.17 (on 8 July, DOY 189), whereas in the same period, w stem only decreased from -0.46 to -0.91 MPa.
Effects of canopy size on K c
The relationships we found between K c and LAI or ground cover (Fig. 3a, c respectively) are practically identical to those reported by Williams and Ayars (2005b) for Thompson Seedless vines irrigated at 100 % of ET c in San Joaquin Valley (California), where climatic conditions are similar to those of south-western Spain. Campos et al. (2010) measured with eddy covariance an average K c of 0.5 during summer in Albacete (Spain) in a multivarietal vineyard that covered slightly more than 30 % of the ground; this finding is in almost perfect concordance with Fig. 3c . Intrigliolo et al. (2009) obtained by gas exchange chambers in the humid climate of NE, USA, an average basal K c of 0.49 in ''Riesling'' vines with LAI of 1.57, also in complete concordance with the relationship of Fig. 3a . These similarities, in spite of the different varieties, climates, training system and management, suggest that the relationships between K c and vegetative growth of Fig. 3 may be applicable to vineyards of many different cultivars, given of course the absence of crop water stress.
Curve of dry-soil K c (K cb ) without water stress
The definition of K c implies a good water status (Allen et al. 1998; Doorenbos and Pruitt 1977) . To obtain a K c curve, we have to restrict the analysis to measurements in certain good water status conditions, that is, the years 2008 and 2010. Due to the incomplete cover of the vineyard even at full canopy development, the effect of wet soil must be separated from the vine transpiration. Without modelling the soil evaporation and the plant transpiration independently, one can still obtain the dry-soil K c (K cb ) if enough measured data are available in conditions of both dry soil and good watering. The K cb curve of a mature ''Tempranillo'' orchard is shown in Fig. 4 using the data of the years 2008 and 2010 that comply with these restrictions. Following the classic approach, we fitted two lines (minimum square error): one from bud-break when no leaves are present-to the maximum ground cover (from K cb = 0.2 to 1.0); the other is a constant value, K cb = 1.0, (maximum or mid-season K c , Allen et al. 1998 ) maintained until the onset of senescence (if the ground cover do not vary, which is not implicit in a crop with incomplete cover). These values of crop coefficients are very similar to those proposed by Allen and Pereira (2009) for table grapes. The x-axis is thermal time (Tbase = 10), but the curve has essentially the same form when expressed versus simple time (the fitting is not presented, but it is clearly perceivable in Fig. 2, right side) , given that the inflexion point is correctly placed at the onset of maximum ground cover (reached at 650 DD in our experiment). This crop stage can be simply observed, especially because the level of vegetation is artificially set by pruning. Although the data suggest a slight increase in the K cb during the maximum-cover period (Fig. 4) , using another linear function instead of a constant is unnecessary; besides, most of the data points above the line of K cb = 1.0 at the end of the cycle occur after harvest (around 1700 DD, Fig. 4) , and the soil surface dryness in this period is more uncertain than during summer (see the precipitation data in Fig. 2 and Table 3 ); thus the K cb of Fig. 4 may be slightly overestimated on some days of the late season.
The maximum (or mid-season) K cb of Fig. 4 is heavily dependent on canopy size (Fig. 3) ; thus, it is defined by the vine cropping standards of the region and cannot be extrapolated to different trellising and production systems involving different vine sizes. The canopy development of our experimental vineyard is (on purpose) higher than in most winemaking areas. Therefore, the maximum K cb (=1) we estimated from our measured data is to be considered an upper threshold that must be adapted to the actual canopy size for the given vineyard. A simple adjustment of the maximum K cb to match the vegetation size of less intensive vineyards can be obtained using the relationships of Fig. 3 , once one knows the canopy size that a given commercial vineyard is pruned to.
Quantifying the reduction of K c due to water stress In the period ranging from 17 June to 8 July of 2007, the K cb of the vineyard-still not irrigated-decreased from the unstressed K cb = 1 to the initial K cb registered ad budbreak (close to 0.2, see Fig. 4 ), suggesting that the transpiration component must have been minimum at this point; in fact, irrigation was started due to symptoms of wilt, even if the -1 MPa threshold in w stem was not actually crossed. This 20-day period of steadily increasing stress may be now analysed using the function of unstressed K c (Fig. 4) as a tool to investigate how the vine ET c is actually reduced by the water available in the soil, and how W stem is related to this reduction.
Since the water content of the soil at field capacity and at wilting point is known (Table 2) , the % of soil water available to the vines in the stress period can be calculated. By using the K cb curve of Fig. 4 to calculate the ET c expected without water stress (ET c-unstressed ) for each day in the stress period, it is possible to obtain the % of the potential ET c as ET c-measured /ET c-unstressed 9 100, and to analyse it versus % of available water as in Fig. 5 . The analysis of Fig. 5 indicates that the vine ET c begins to be reduced when approximately the 50 % of the available soil water has been consumed, and that the reduction in ET c , from this point on, is proportional to the reduction in the soil available water in an approximately linear way. The regression line gives the coefficient of reduction due to Thermal time from bud-break (DD) Dry-soil Kc (dimensionless) Fig. 4 Relationships of dry-soil K c of a ''Tempranillo'' vineyard with thermal time (DD, degree-days) from bud-break until leaf fall. Data pooled from the years 2008 and 2010, without water stress. Thermal time is calculated using a base temperature of 10°C. The vineyard average phenological stages are shown in the line above: B bud-break, A anthesis, V veraison, H harvest, LF leaf fall water stress that should be applied to the daily wellwatered ET c (calculated by means of the K c proposed in Fig. 4 ) when the vine available water is less than 50 % of the total.
A similar analysis was conducted by Lebon et al. (2003) , with the cultivar ''Sirah'', but using the relative stomatal conductance instead of the relative evapotranspiration as the dependent variable. Their analysis is comparable to Fig. 5 if the aerodynamic conditions are not too different. The plot they obtained differs from Fig. 5 , only for the inflection point at 40 % (instead then 50 %) available water; nevertheless, their value is somehow uncertain, due to the level of scatter in their data.
The relation presented in Fig. 5 is theoretically independent of canopy size, and thus may be applied in ''Tempranillo'' vineyards different from the experimental one; nevertheless, some caveat has to be given. The available water is here calculated over a soil depth of 1.5 m; if this depth is changed, the relation also changes. For a more universal and precise description of the process, one should know the actual root depth of the vines (z) and the function of variation of the soil water content with z each day, then obtaining the actual water available to the roots by integration over the variable z. Such an approach is not possible with the available data in this study and is also unfeasible in the practice of commercial irrigation scheduling. Nevertheless, if the assumption of z \ 1.5 m is met (which is reasonable in most soils, e.g. Smart et al. 2006) and if the soil water budget is calculated over the same depth of 1.5 m, then the relationship of Fig. 5 can be applied to calculate ET c -and thus the water budget and the irrigation requirements-in vineyards where deficit irrigation is practiced. For the same reason, the relationship of Fig. 5 should not be applied (in the form presented) in soils having less than 1.5 m of depth, as z would be limited.
Relationship between reduction of ET c and stem water potential
The year 2007 (Fig. 2) shows a paradigm of strong isohydric behaviour. Isohydricity (Stocker 1956 ) is the quality of a plant of keeping the water potential nearly unchanged even under water restriction and high atmospheric demand by a strong stomata closure-thus at the price of reducing assimilation and transpiration rates. Isohydricity and anisohydricity are not categories but the two extremes of a continuous range that plants show in the physiological control of their water stress. Different cultivars of some species have been reported to behave differently in this aspect, and Vitis vinifera is a good example (Rogiers et al. 2009; Schultz 2003) . The data presented (Fig. 2, years 2007 and show that ''Tempranillo'' behaves as isohydric, confirming previous works that already suggested it (Intrigliolo and Castel 2006; Intrigliolo et al. 2005) . As a consequence, in ''Tempranillo'', stem water potential is a weak predictor of water stress for irrigation purposes, as the ultimate goal pursued with irrigation is to avoid excessive stomatal closure that would reduce the assimilation of carbon.
The use of soil % available water as a predictor of the reduction in the vine water use has the advantage of being less influenced by stomatal control with respect to W leaf , and probably also to W stem , when the water potentials are measured at midday. If this hypothesis is true, the wide range of isohydricity found within Vitis vinifera should give different relationships between W stem and the actual reduction in water use in different cultivars. The measured data of transpiration are unfortunately scarce in the literature, but Fig. 6 shows the relationship between the reduction in ET c of the day and W stem measured at midday in three cultivars, including Tempranillo from the year 2007 of this experiment, the period when the reduction in ET c was more intense. While all the three cultivars seem to activate the stomata control on transpiration at W stem of near -0.5 MPa, the rate of reduction in transpiration at decreasing W stem was less pronounced in Thompson Seedless (Williams et al. 2011 ) than in Malagouzia (Patakas et al. 2005 , which, in turn, has a lower rate of ET c reduction than Tempranillo. The slope of the three lines represents the rate of change in W stem that generates a given reduction in transpiration, which can be considered the direct measure of isohydricity: higher in Tempranillo and lower in Thompson Seedless. Figure 6 shows why the thresholds of W stem to trigger or schedule irrigation should be cultivar-specific in grapevine, and why they could be either a good indicator of water status-like in Thompson Seedless-or a less good one-like in the strongly isohydric Tempranillo, where, despite the linear fitting is equally good than in the other cultivars, the slope is simply too steep to be useful within the normal accuracy of W stem measurement.
Conclusions
This work presents a long-term study (5 years) that allowed the assessment of the crop coefficient of wine vineyard as a function of canopy size under the agronomic conditions of south-western Spain. The minimum K cb (crop coefficient with dry soil and no water stress) of Tempranillo is about 0.2 at bud-break, and the maximum value is a function of the canopy size (in this case, it was 1 in our vineyard with our management and extended range of vegetation). When plotted against thermal time from bud-break, it showed a typical shape with two linear phases. The pattern is the same when K c is plotted against normal time (data not shown), although the inflection point must be placed at the onset of the maximum ground cover. In less intensive vineyards (as is usual in wine producing areas), the estimation of K cb can be adjusted by the linear relationships presented here with one of the canopy size indicators, namely LAI, fiPAR and ground cover fraction.
If the soil water budget is calculated over the same 1.5 m of soil depth and no restrictions to root depth are present, then the relationship ET c /potential ET c versus %AW can be used to approximate the ET c reduction due to stomatal closure during the periods of deficit irrigation.
Finally, stem water potential, although used with success in other varieties, may not be the most adequate variable to drive irrigation scheduling in this isohydric cultivar, where stress levels high enough for reducing considerably ET c only produced small changes in W stem of ''Tempranillo''. 
